SUMMARY In December 2018, satellite broadcasting for 4K/8K ultrahigh-definition television (UHDTV) will begin in Japan. It will be provided in the 12-GHz (11.7 to 12.75 GHz) band with right-and left-hand circular polarizations. BSAT-4a, a satellite used for broadcasting UHDTV, was successfully launched in September 2017. This satellite has not only 12-GHz-band right-and left-hand circular polarization transponders but also a 21-GHz-band experimental transponder. The 21-GHz (21.4 to 22.0 GHz) band has been allocated as the downlink for broadcasting satellite service in ITU-R Regions 1 (Europe, Africa) and 3 (Asia Pacific). To receive services provided over these two frequency bands and with dual-polarization, we implement and evaluated a dual-band and dual-circularly polarized parabolic reflector antenna fed by 12-and 21-GHz-band microstrip antenna arrays with a multilayer structure. The antenna is used to receive 12-and 21-GHz-band signals from in-orbit satellites. The measured and experimental results prove that the proposed antenna performs as a dual-polarized antenna in those two frequency bands and has sufficient performance to receive satellite broadcasts.
Introduction
4K/8K ultra-high-definition television (UHDTV) [1] - [3] will begin in Japan with the use of the latest broadcasting satellite, BSAT-4a, on December 1st, 2018. 2K highdefinition television (HDTV) has been provided with righthand circular polarization (RHCP) in the 12-GHz band (11.7 to 12.75 GHz) since 2000, and UHDTV satellite broadcasting will be additionally broadcasted with left-hand circular polarization (LHCP) in the same frequency band. The 21-GHz (21.4 to 22.0 GHz) band has also been allocated as the downlink for broadcasting satellite service in ITU-R Regions 1 (Europe, Africa) and 3 (Asia Pacific). To provide advanced services, such as 3DTV, onboard antennas and wide-bandwidth transponders for a 21-GHz-band broadcasting satellite have been studied [4] - [6] .
BSAT-4a was successfully launched into its geostationary orbital position of 110 degrees East in September 2017. This satellite has not only 12-GHz-band RHCP and LHCP transponders but also a 21-GHz-band experimental transponder, which has 278 MHz bandwidth. A beacon signal in the 21-GHz band is also being transmitted from BSAT-4a continuously. The 21-GHz-band transponder will be used for various experiments, e.g., wideband-transmission and long term measurement of rain-attenuation. The 21-GHz band can be used, in addition to the 12-GHz band, to provided various satellite broadcasting services. However, installation of the receiving antennas corresponding to each frequency band requires a wider space and incurs higher costs. To solve these problems, a 12-and 21-GHz dual-band dual-circularly polarized reflector antenna will be required that can receive the broadcasting services provided over these two different frequency bands and with dual-polarization. For satellite broadcasting reception, various types of antennas have been studied. For example, a radial line slot antenna (RLSA) [7] , helical array antenna [8] , microstrip array antenna [9] , and leaky waveguide array antenna [10] have been reported. These antennas were designed to receive signals transmitted with RHCP in the 12-GHz band. A dualcircularly polarized RLSA [11] has also been reported. This RLSA was designed in accordance with the specifications for satellite broadcasting in the United States at the time (12.2 to 12.7 GHz), whose frequency bandwidth was half that of the 12-GHz band (11.7 to 12.75 GHz).
Because the costs of producing parabolic reflector antennas are lower than those of array antennas, offset parabolic reflector antennas are generally used. Septum polarizers have been reported for a polarizer of dual-circularly polarized reflector antennas [12] - [14] . They provide good circularity and require no adjustments. However, it is difficult to share a septum polarizer with the 12-and 21-GHz bands because we have to decide its design parameters in accordance with each frequency band. A horn antenna is connected to the septum polarizer, and the aperture diameter suitable for the 12-and 21-GHz band is also different. We cannot set two horn antennas, for each frequency band, at the focal point of a parabolic reflector. Therefore, it is impossible for a conventional receiving antenna to capture 12-and 21-GHz band signals with dual polarizations (LHCP and RHCP) simultaneously.
For receiving Ku-and Ka-bands, a reflectarray antenna is reported [15] . This antenna has a frequency-selective surface and can receive 12.25 to 12.75 GHz and 19.6 to 21.2 GHz simultaneously. However, the receiving polar-izations of Ku-and Ka-bands are linear polarization and LHCP, respectively. For circularly polarized antennas in dual-frequency bands, various microstrip antennas (MSAs) have been studied [16] - [18] . We can obtain enough gain for satellite communications by configuring an array antenna with MSAs. However, grating lobes will appear in the 21-GHz band when the spacing of elements is more than one wavelength (λ) in the 21-GHz band, which is equivalent to 0.56 λ in the 12-GHz band. This is a restriction on the design of array antennas using dual-band MSAs.
Therefore, we proposed and have studied a dualcircularly polarized offset parabolic reflector antenna fed by 12-and 21-GHz-band MSA arrays with a multilayer structure for receiving services provided in those frequency bands [19] , [20] . This proposed antenna is the result of our progress of the previous paper [21] in which we reported a 12-GHzband dual-circularly polarized parabolic reflector antenna with an MSA array. In this paper, we have improved the feed antenna (MSA array) to be able to receive the 12-and 21-GHz bands simultaneously by designing a 21-GHz-band MSA, a dual-band feed circuit, and the multilayer structure. Previously, a dual-band reflector antenna that has a feed antenna composed of a horn antenna and an MSA array was reported [22] . The horn antenna and MSA array were set at the focal point of the offset parabolic reflector; however, the ratio of the upper to lower frequency-band had to be more than 5 to adopt the technique in the report.
In this paper, we describe a detailed design of a 12-and 21-GHz dual-band dual-circularly polarized offset parabolic reflector antenna fed by MSA arrays, and we present the measured results of a prototype antenna. To obtain enough gain and cross-polarization discrimination (XPD) throughout both bands for satellite broadcasting reception, the feed antenna is composed of two 2×2 MSA arrays that are sequentially rotated to enhance polarization purity [23] . In Sect. 2, we discuss the design of our proposed antenna and report on the measured performance in Sect. 3. In Sect. 4, we show an experiment on receiving 12-and 21-GHz-band signals from broadcasting satellites with our fabricated antenna. Finally, we conclude in Sect. 5.
Design of 12-and 21-GHz Dual-Band DualCircularly Polarized Receiving Reflector Antenna for Satellite Broadcasting

Performance Targets and Basic Configuration of Receiving Reflector Antenna
The performance targets for the 12-and 21-GHz dualband dual-circularly polarized receiving reflector antenna are listed in Table 1 . The gain values in the 12-and 21-GHz bands were 33 and 38 dBi, respectively, which were determined from the peak gain of a 45-cm parabolic reflector antenna (aperture efficiency: 60%). The XPD was derived from the reference pattern in Recommendation ITU-R BO.1213 [24] at boresight. The upper limit of the voltage standing wave ratio (VSWR) was 1.5 throughout the 12-and Table 1 Performance targets for receiving reflector antenna.
Fig. 1 Configuration of proposed antenna.
21-GHz bands to enable small signals to be received from the satellite. The configuration of our proposed reflector antenna is shown in Fig. 1 . We selected an offset parabolic reflector generally used for satellite receiving antennas. The reflector is fed by 12-and 21-GHz-band MSA arrays located on the same focal point with a multilayer structure. This feed antenna uses two 2 × 2 MSA arrays to obtain a suitable beamwidth for each band. We assumed that the size of the feed antenna was 50×50 mm, which is equivalent to that of a low-noise block converter with a horn antenna for consumer use in Japan. Therefore, to avoid blocking receiving signals, we determined the clearance (Xc in Fig. 1 ) of the reflector to be 3 cm. A 50-cm-diameter reflector was selected to obtain enough gain in both bands assuming feeding loss in the MSA arrays. To mitigate a beam squint angle [25] , the focal length is 30 cm, i.e., the ratio of the focal length to the diameter (F/D) is 0.6. In this study, we manufactured and tested a 12-and 21-GHz-band dual-circularly polarized parabolic reflector antenna fed by the MSA arrays.
Design of Dual-Circularly Polarized Wide-Band Microstrip Antenna
Figures 2 and 3 show the configuration of the 12-and 21-GHz-band MSAs we designed. Each MSA has an open stub for impedance matching, which enables us to adjust the impedance of the MSAs widely. To obtain a wide frequency bandwidth in the 12-GHz band (11.7 to 12.75 GHz), which is 1050 MHz, i.e., the fractional bandwidth is 8.6%, the MSAs have a multilayer structure that uses polytetrafluoroethylene (PTFE) substrates (ε r is 2.55, and tan δ is 0.0015, typically). We used a stacked structure for the MSAs to obtain enough frequency bandwidth, especially in the 12-GHz band. We also used this structure for the 21-GHz band to avoid mismatching due to frequency-shifting by fabrication error. We can increase the impedance bandwidth with a thick substrate, but there is a physical limit to the substrate thickness. Hence, the maximum substrate thickness was set to λε/16 [26] , where λε is the wavelength in the dielectric. We arranged three substrates between the ground plane and the 12-GHz-band bottom patch, as shown in Fig. 4 , since the maximum thickness in the 21-GHz band is smaller than that in the 12-GHz band. The MSAs have two feeding ports to obtain circular polarization. For the 12-GHz-band MSA, feeding is realized by electromagnetic coupling with the bottom patch via feeding slots. For the 21-GHz band, we arranged the 21-GHz-band feed lines above the ground plane and coupled them onto the feed circuit with slots because a dual-band feed circuit became complicated. Then, feeding is realized by proximity coupling with the bottom patch for the 21-GHz band. The coupling slot on the ground plane for the 21-GHz band has a width of 0.1 mm and a length of 4.6 mm, and the calculated VSWR and insertion loss of the slot were not more than 1.14 and 0.5 dB throughout the 21-GHz band, respectively. In the following sections, we used a 3D electromagnetic field analysis simulator, CST MW Studio [27] , to analyze the antenna characteristics of the MSAs and MSA arrays. Figure 5 shows the calculated VSWRs of the MSAs. We confirmed that the VSWR was within our target throughout both bands.
The maximum values of the 12-and 21-GHz bands were 1.4 and 1.3, respectively.
The circular polarization was provided by feeding 90-deg.-shifted signals to the two feed lines. When the feeding phase of port 2 was delayed for 90 deg., the MSAs radiated RHCP, and when the feeding phase of port 1 was delayed for 90 deg., the MSAs radiated LHCP. Figures 6 and 7 show the calculated radiation patterns of the MSAs. The solid and dashed lines show co-polarization (co-pol) and crosspolarization (cross-pol) patterns, respectively. The calculated frequencies were 12.225 and 21.7 GHz (the center frequency of each band). From these radiation patterns, we can see that the designed MSAs operate as circular polarized antennas.
However, the beamwidth of the co-pol patterns was too broad to use for the feed antenna of the offset parabolic reflector antenna. The XPDs (at 0 deg.) were also less than 25 dB, which is our target. The radiation pattern of the 12-GHz band MSA was asymmetric because the coupling slots were not in the center of the patch. It is difficult to obtain a narrower beamwidth with a single MSA, and we cannot set the coupling slots in the center of the 12-GHz-band MSA because its size is small. Therefore, we designed a 2 × 2 MSA array for each band to obtain a narrower beamwidth and applied a sequentially rotated array technique [23] for the array to improve the XPD.
Design of Dual-Band and Dual-Circularly Polarized
Feed Antenna with Microstrip Antenna Arrays Figures 8-10 show the configuration and feed circuit of our designed feed antenna using the MSAs described in the previous subsection. This antenna was composed of two 2 × 2 MSA arrays in which the elements were sequentially rotated to enhance the polarization purity [23] . We arranged the 21-GHz-band feed lines above the ground plane and coupled them onto the feed circuit with slots, which are at the eight points shown in Fig. 9 , to configure a 12-and 21-GHz-band feed circuit on the substrate. The slot coupling was selected to avoid cost increases because of via holes under the assumption of mass production. Our designed feed circuit can output 12-and 21-GHz-band dual-polarized signals into the four ports shown in Fig. 10 . The polarizations, which are discussed in this section, are defined as the polarizations radiated from the feed antenna. The feeding phases in the 12-and 21-GHz bands are shown in Figs. 11 and 12 , respectively. The feeding phase of the m−th patch is shifted to 90 × (m − 1) deg. by using 3-dB, 90-deg. hybrid couplers (3dB-HYBs) and differences in the line length. Because the MSAs are fed two 90-deg.-shifted signals, the feeding phases of the adjacent MSA are made the same by applying the sequential rotation technique. Therefore, there are no cross sections of the feeding lines in our designed circuit except for the 21-GHz-band feed lines above the ground plane.
We optimized the spacing of elements to obtain a higher gain for each band, respectively. As shown in Fig. 1 , the F/D of our designed reflector was 0.6, and our target edge illumination level (EIL) was −11 dB [28] at 39 deg. for both 12-and 21-GHz bands. The calculated radiation patterns of the feed antenna are shown in Fig. 13 . The solid and dashed lines show the co-and cross-pol patterns, respectively. In the 12-GHz band, we selected 0.6 λ for the spacing of elements, and the calculated EILs of the RHCP and LHCP were −11.7 and −11.8 dB, respectively. Moreover, the XPD was more than 30 dB, which achieved our target value (25 dB), and the axial ratio of the RHCP and LHCP were 0.37 and 0.36 dB, respectively.
For the 21-GHz band, the radiation patterns were distorted because of unwanted emissions, as shown in Fig. 13(b) . The emissions were radiated from the 21-GHzband feed lines above the ground plane. Therefore, we studied EILs in the 21-GHz-band so that the reflector antenna's gain became peak. In this study, we calculated the radiation patterns of the feed antenna by changing the spacing of elements in the 21-GHz band. Then, the gains of the reflector antenna were obtained from the feed antenna's radiation patterns. We used reflector antenna analysis software, GRASP [29] , to calculate the gain. Table 2 shows the calculated gain, which does not include the feeding loss. From this result, we decided the spacing to be 0.5 λ in the 21-GHz band because the highest gain was obtained. The EILs of the RHCP and LHCP were −9.9 and −10.4 dB, respectively. Moreover, the XPD was more than 30 dB, and the axial ratios of the RHCP and LHCP were 0.44 and 0.31 dB, respectively.
Prototype of 12-and 21-GHz Dual-Band DualCircularly Polarized Parabolic Reflector Antenna
Prototype Antenna
We fabricated and tested our 12-and 21-GHz dual-band dual-circularly polarized offset parabolic reflector antenna we designed. Figure 14 shows the prototype antenna. The reflector was fabricated by machining an aluminum panel to evaluate the radiation patterns of the reflector accurately.
Reflectors made with pressed aluminum are generally for consumer use. We estimated that the gain degradation in the 12-and 21-GHz-bands due to reflector error [30] was 0.1 and 0.2 dB, respectively. The error of a reflector made with pressed aluminum was 0.26 mm RMS on the basis of our measurement results [31] . Figure 15 shows our fabricated feed antenna composed of two 2 × 2 MSA arrays. The antenna has four SMP connectors to connect the coaxial cables for our measurements. The substrates, of which our multilayer structure is configured, are fixed with plastic screws, and we did not use prepregs for attaching the substrates. A photograph of each substrate is shown in Fig. 16 . The size of the substrate is 65 × 65 mm to make space for the screw holes. The ground plane is smaller than the substrate, as shown in the 5th layer substrate of Fig. 16 . The size is 50 × 50 mm and equals to the initial design shown in Fig. 8 . The copper thickness of the 5th layer is 35 µm, and that of the other layers is 18 µm.
We have studied the relationship of the mutual coupling and spacing of elements for a 12-and 21-GHz dual-band MSA array [32] and evaluated the measured radiation patterns of a dual-band feed (MSA array) that we previously fabricated [33] . On the basis of this knowledge, we designed and tested the 12-and 21-GHz dual-band dual-circularly polarized receiving reflector antenna in order to comprehensively evaluate it in this work. Figures 17 and 18 show the measured VSWRs of the fabricated antenna. We measured the VSWRs with the feed antenna, which was installed on the reflector as shown in Fig. 14 . The polarizations, which are discussed in this section, are defined as the polarizations radiated from the parabolic reflector antenna. We can see that this antenna covered the 12-and 21-GHz bands with VSWRs of 1.9 and 1.3, respectively. The measured values in the 21-GHz band met our performance target (VSWR of 1.5), but that in the 12-GHz band slightly exceeded the target. It is assumed that the degradation in VSWR was caused by variations in the Table 3 Gain, aperture efficiency, and XPD of fabricated receiving antenna in 12-GHz band (include feeding loss). Table 4 Gain, aperture efficiency, and XPD of fabricated receiving antenna in 21-GHz band (include feeding loss). substrate thickness.
VSWR
Gain, Aperture Efficiency, and XPD
The measured gain, aperture efficiency, and XPD in the 12-and 21-GHz bands are listed in Tables 3 and 4 , respectively. The gain was obtained by comparing a standard gain horn antenna and the fabricated antenna. We evaluated them in the lower-end, center, and upper-end frequencies of both bands. The measured values include the feeding loss. We can see that the deviation of the frequency response in the gain was less than 1 dB, and the XPD was more the 20 dB in the 12-and 21-GHz bands for both polarizations. These results indicate that the fabricated antenna performed as a dual-circularly polarized antenna in both bands.
The measured gain met our target (33 dBi) in the 12-GHz band but was lower than that of the target (38 dBi) in the 21-GHz band. Our targets for the gain correspond to the aperture efficiency of 50% (at the center frequency) for the 50-cm-diameter reflector we used. The gains at each center frequency in the 12-and 21-GHz bands were about 34 and 36 dBi, respectively. Comparing these gains and the calculated values (Table 2) , we found that it is necessary to reduce the feeding loss, especially in the 21-GHz band. The measured XPDs were also lower than that of our target (25 dB) because the feeding phase was shifted with the dimension error in the lines and 3-dB hybrid couplers. 
Radiation Patterns
We measured the radiation patterns of the fabricated reflector antenna by using a spherical near-field antenna measurement system [34] in an acoustic chamber. The measured frequencies were the lower-end, center, and upper-end frequencies of the 12-and 21-GHz bands, which were 11.7, 12.225, 12.75, 21.4, 21.7, and 22.0 GHz. We evaluated the horizontal plane, which corresponds to geostationary orbit. Figures 19 and 20 show the measured radiation patterns of the fabricated reflector antenna. The solid and dashed lines indicate co-and cross-polarization patterns, respectively. These figures also show the reference radiation patterns recommended by ITU-R for receiving earth station antennas. Rec. ITU-R BO.1213 (BO.1213) [24] is a refer- ence pattern for the 12-GHz band, and Rec. ITU-R BO.1900 (BO.1900) [35] is that for the 21-GHz band. We compared the measured radiation patterns with the reference patterns because BO.1213 and BO.1900 are used for calculating interference in the coordination of satellite networks. We can see that the radiation patterns mostly satisfied the reference patterns.
Experiment on Receiving 12-and 21-GHz-Band Sig-
nals from Broadcasting Satellites with Prototype Receiving Antenna
Configuration of Experiment
We received the 12-and 21-GHz-band signals transmitted from broadcasting satellites with our prototype receiving antenna. The configuration of the experiment is shown in Fig. 21 . The 12-GHz-band signals are transmitted from the BSAT [36] and JCSAT [37] satellites whose orbital positions are 110 deg. E. In the 21-GHz band, we can receive an LHCP signal that is the beacon (continuous wave) transmitted by BSAT-4a. We can receive an RHCP signal in the 21-GHz band only when an experimental signal is being transmitted from the transponder because there is no commercial broadcast service in the 21-GHz band yet [38] .
Since the receiving power from the satellites is low, we connected low-noise block converters (LNBs) to the output of the receiving antenna. Therefore, we confirmed the presence of the receiving signals in the intermediate frequency (IF) bands. The specifications of the LNBs are listed in Table 5 and were customized for this experiment. The local oscillator frequency (LO) for the 12-GHz-band com- plies with ARIB STD-B63 [39] , which is a standard for 4K/8K UHDTV satellite broadcasting receivers in Japan, and that for the 21-GHz-band was chosen to correspond with a wide-band demodulator [40] . When we performed the experiment, 4K/8K UHDTV receivers were not available yet, and the 21-GHz-band wide-band modulated signal was not transmitted; therefore, we used spectrum analyzers and a consumer HDTV receiver for satellite broadcasting to verify the received signals.
Experimental Results
Our experiment was performed at NHK Science & Technology Research Laboratories (Setagaya, Tokyo) on June 1st, 2018. Pictures of the experiment are shown in Fig. 22 . The BSAT and JCSAT satellites were transmitting signals from 24 transponders for RHCP and from one transponder for LHCP in the 12-GHz band on that day. BSAT-4a was also transmitting the beacon with the LHCP signal in the 21-GHz band; however, the experimental signal with RHCP was not transmitting in the band.
The frequency spectrums of the received signals are shown in Figs. 23 and 24 . In Fig. 23 , we can see that the RHCP and LHCP signals in the 12-GHz band were received simultaneously. For the 21-GHz band, the beacon signal was received adequately, as shown in Fig. 24 . We also demodulated the 12-GHz-band receiving signal with the consumer satellite broadcasting receiver. The demodulated video and audio were totally normal. From the results, we confirmed that our developed antenna could receive the dual-circular polarizations in the 12-GHz band and the LHCP in the 21-GHz band simultaneously.
Conclusion
We manufactured and evaluated a dual-band and dualcircularly polarized offset parabolic reflector antenna for satellite broadcast reception in the 12-GHz (11.7 to 12.75 GHz) and 21-GHz (21.4 to 22.0 GHz) bands. The antenna is composed of a 50-cm offset parabolic reflector fed by 12-and 21-GHz-band MSA arrays with a multilayer structure. Measured results indicate that the antenna gains in the 12-and 21-GHz bands were about 34 and 36 dBi (aperture efficiencies were about 60 and 30%) at each center frequency, respectively. The VSWR was less than 1.9, and the XPD was more than 20 dB throughout both bands. We also received 12-and 21-GHz-band signals from broadcasting satellites with the prototype antenna simultaneously. We confirmed that our proposed antenna performed as a dualcircularly polarized antenna in those two frequency bands.
